Abstract The first decade of the twenty-first century saw remarkable technological advancements for use in biometeorology. These emerging technologies have allowed for the collection of new data and have further emphasized the need for specific and/or changing systems for efficient data management, data processing, and advanced representations of new data through digital information management systems. This short communication provides an overview of new hardware and software technologies that support biometeorologists in representing and understanding the influence of atmospheric processes on living organisms.
Introduction
The advancements in measurement technologies in the twenty-first century have vastly facilitated data acquisition across various disciplines, which has led to advancements in the interdisciplinary field of biometeorology. In 1963, Frederick Sargent II displayed foresight in stating Blong-range solutions must depend upon storing and retrieving information by new technological devices^ (Sargent 1963) . Indeed, since the 1960s, technology has revolutionized infrastructure, healthcare, transport, and communication, as examples. Researchers and educators alike benefit from the use of a wide array of technologies to advance their impact and output, and the interdisciplinary crossover of many technologies have considerably improved our ability to tackle large projects with researchers in related sub-disciplines (Cummings and Kiesler 2005) .
Biometeorologists specifically have a unique opportunity to enhance the wide ranging applicability of studies related to solving complex challenges in the twenty-first century. Further, biometeorological researchers have been pushed towards more applied studies, often involving technology, while maintaining a strong engagement with the theoretical base of biometeorology (Ebi et al. 2009 ). This theoretical base has also been considerably augmented over the last 60 years through the use of various novel technologies.
Citizens as scientists are more intelligent than ever before. Recent technological advancement and the increasing interests of citizens in participating in scientific activities have motivated the development of a new generation of inexpensive sensors, allowing for the measurement of a variety of environmental properties, such as atmospheric parameters. Similarly, recent improvements in the miniaturization and mobility of these sensors encourage an increasing number of citizen scientists to collect data about plants, animals, and humans (population or personal). These improvements have led to the collection of large volumes of spatial, temporal, and spectral data to study the interactions between atmospheric processes and living organisms.
Newly designed sensors and devices have provided both meteorological and biological data across increasingly vast intensity.
• Meteorological monitoring and analyzing system (Anagnostou et al. 2017) • Coastal upwelling detection (Raffa et al. 2017) • Neighborhood-scale health and atmospheric hazards research
• Sea level rise research • FURUNO WR-2100 http://www.furuno.com/en/systems/ meteorological-monitoring/WR-2100
Thermal sensors Mobile, low-cost, and small thermal devices and imaging cameras (cameras designed for smartphones).
• Personal heat exposure studies (Bernhard et al. 2015; Kuras et al. 2015 Kuras et al. , 2017 Scott et al. 2017) • Intra-urban temperature variability • Surface micro-urban heat island studies, location-specific • Adaptation efforts and/or local-to global-scale climate policy • Land use regression (Deville Cavellin et al. 2016) • Human health monitoring (Gozzi et al. 2016) Micro-controller 
2014)
• Plant health (Di Gennaro et al.
2016)
• Precision agriculture (Matese and Di Gennaro 2015) • Flood monitoring (Darack 2012 • Air pollution (Hulley et al. 2016) • Natural disaster management (Schmit et al. 2005) • Precision agriculture (Chemura et al. 2016) • Environmental protection (Kalluri et al. 2015 • phenology modeling and monitoring (Cope et al., 2017) • Crop phenology mapping (Dong et al.
• Land degradation (Alonso et al. 2016) • Mapping local climate zones (Bechtel et al. 2015) • Monitoring air quality (Zheng et al.
2014)
• Google Earth Engine https://earthengine.google.com/
• Climate Engine http://climateengine.org/ • Land Viewer https://lv.eosda.com/ Distributed and high-performance computing systems Scalable systems and frameworks for interactive model evaluation and for the rapid development of climate metrics and analysis to address the pain points in the current model.
• Processing of big climate data (Guo
2016)
• High-performance climate analytics (Palamuttam et al. 2015; Wilson et al. 
• Dust storm simulation (Xie et al. 2010 Online and free meteorological and biological data sources.
• Disease outbreak monitoring (Freifeld et al. 2008) • Real-time surveillance of emerging public health threat (Zhao et al. 2017 ) (Freifeld et al. 2008; Ginsberg et al. 2009; Copeland et al. 2013) • Plant phenology (Rosemartin et al.
2015)
• HealthMap http://www.healthmap.org/en/
• NASA EOSDIS https://earthdata.nasa.gov/ • AirBase http://www.eea.europa.
eu/data-and-maps/data/airbase-the-european-air-quality-database-7
• • Remote sensing image/data interpretation • Precision agriculture (Baklanov et al.
2017)
• Earth observation calibration and validation (See et al. 2016 (Table 2 ) technologies for broad use across biometeorology. The select technologies also support cross-sector collaboration and aid in creating further policyadvancing research through creating a new evidence base. As we as a community move forward into the twenty-first century, readers are encouraged to help augment the following table summaries with new technologies and methods for inclusion in later online versions of such a paper based on emerging developments in the field. To our knowledge, this is the first paper to address the technological advancements and opportunities specific to the discipline of biometeorology. The tables are not exhaustive but provide an overview of some of the most recent and more frequently used technologies related to biometeorology available at the time of publication, as well as those with which co-authors have direct experience.
Final thoughts
The tabulated state-of-the-art forms of biometeorological observations and processing capabilities will be of utmost importance as we face new, highly complex and interconnected challenges into the future. Solutions to worldwide issues that fall within the realm of biometeorology (energy use, health, poverty and food, agriculture, water, climate change adaptation, etc.) will increasingly rely upon technology. As a community of researchers, keeping abreast of the technological advances will allow biometeorology to arise as a field prepared to deal with challenges within the air, water, and land as they connect to living biological organisms. For example, progress towards finer scales of meteorological data in urban and rural areas is at the forefront of understanding the potential for impacts of heat waves on humans, plants, and animals as one of the main hazards of a changing climate. Moreover, routine collection, processing, and visualization of personal exposure data (Bbig data^) will shift paradigms from placebased distribution of environmental hazards to a Bhazard- Open-source computer programs developed using programing languages such as Python and Java and statistical modeling software packages such as R.
• Native plant phenology (Filippa et al. 
2016)
• Crop risk zones monitoring (Filippis et al. 2016) • Meteorological time series analysis (Förster et al. 2016) • Upper-air sounding analysis and visualization (Blumberg et al. 2017) • Modeling the trajectories and fate of objects or substances drifting in the ocean, or even in the atmosphere • opendrift https://github.com/opendrift/opendrift/wiki
• Phenopix http://phenopix.r-forge.r-project.org/ • MetPy https://unidata.github.io/MetPy/ • MELODIST https://github.com/kristianfoerster/melodist/tree/v0.1.1 • Openair http://www.openair-project.org/ scape^that fuses time and space with humans, plants, and/or animal physiology in mathematical time-activity-exposure models.
The vast amount of new data, however, brings its own fundamental research and education challenges to the biometeorology community to take advantage of and, at the same time, contribute to the continuing advancements of big data technology. Biometeorology studies typically involve more than one of the data sources and technologies in the tables provided and sometimes require the development of new tools. Thus, to seamlessly integrate the heterogeneous data sources and tools calls for closer collaboration between the biometeorology community and related technological fields (e.g., geography, GIS, computer science).
On the education front, the escalation of data and related analytical tools highlight the needs of necessary hands-on technical and programming skills, as well as the ability to communicate the complex research effectively across disciplines and to the public. Thus, new formalized training is likely to emerge based on societal needs. Inter-technology training and education for capacity building will augment many current and future research projects that are not easily discernible in using one type of technology. Such capacity building through education may take the form of new technological opportunities which improve scientists' insight and evaluation of the impacts of past, current, and future weather conditions on living organisms.
